Pseudomonas syringae pv. actinidiae (Psa) is the etiologic agent of the bacterial canker of kiwifruit, the most severe disease of Actinidia spp. This pathogen was firstly recorded in Japan and in China. The initial occurrence in Italy dates back to 1992, but the most important outbreak was in 2008. From that year, Psa has spread worldwide with a devastating virulence causing substantial losses to kiwifruit production in China, Italy, New Zealand, Chile, France and Portugal. OBJECTIVE: Screening the existing compounds with different mode of action for their efficacy in controlling Psa on Actinidia deliciosa (cv. Hayward) grown in controlled conditions. METHODS: Products were grouped according to their active ingredients and mode of action in the following categories: Copper compounds, plant extracts, disinfectants, resistance inducers, filming agents and biological control agents (BCAs). The experiments were performed on potted A. deliciosa (cv Hayward) vines grown in controlled greenhouse conditions. Inoculation was experimentally performed by spraying each plant till run off with a suspension of a highly virulent, biovar 3 Psa strain. Disease control and phytotoxicity were monitored for 15 and 30 days after inoculation. RESULTS: Copper compounds and resistance inducers (acibenzolar-S-methyl, Fosetyl-Al) showed the most promising results. However, few other compounds, such as some plant extracts and disinfectants (Verdeviva), provided some protection. Also biological control agents (BCAs), containing living microorganisms, partially controlled the disease. CONCLUSION: Copper compounds and resistance inducers can be possibly combined to develop a more robust and effective control strategy in open field. In addition, BCAs seem interesting, particularly in specific phenological stages when other control methods cannot be used, although results require further validation.
Introduction
Pseudomonas syringae pv. actinidiae (Psa) is a phytopathogenic, gram-negative bacterium causing the bacterial canker of kiwifruit. The disease affects the all economically important varieties of green-fleshed (A. deliciosa) and yellow-fleshed (A. chinensis) kiwifruit. Before 2008, the disease was reported in Japan [1] , China [2] , Korea [3] and Italy [4] . However, after 2008, the bacterial canker became a worldwide pandemic disease, threatening the kiwifruit industry in all countries where this crop is strategic such as Italy [5] [6] [7] , France [8] New Zealand [9] and Chile [10] .
The control of bacterial canker of kiwifruit may only rely on preventive methods, since there is no curative treatment known for Psa. Xenobiotic chemical formulates may be preventively applied to help containing the spread of the disease, but are not decisive, and must be accompanied by general measures to reduce inoculum through a good orchard hygiene, and an appropriate field management [11] . The current chemical control of Psa in the field is mainly dependent on spraying of copper-based compounds [12, 13] . The efficacy in the reduction of Psa epiphytic has been shown to vary according to the formulations of copper applied (sulphate or oxychloride) and the rate used [14] . Apart from the environmental concerns linked with copper application, copper compounds can have other limitations, such as bacterial resistance [15] [16] [17] , phytotoxicity and persistence [18, 19] . Therefore, novel and reliable control strategies should rely on the combination of compounds with different mode action. A wide range of other protective compounds has been evaluated in the past [20] , evindencing the effectiveness of some molecules, such as sterilizers (...) and filming agents (chitosan), in the control of bacterial canker. However, although these compounds may temporarily reduce epiphytic inoculum loads, in most cases they are not effective once the pathogen has entered the plant tissue. Integration of plant-induced resistance into the control program for Psa could provide systemic protection of kiwifruit vines ahead of infection risk events.
Based on greenhouse studies, acibenzolar-S-methyl (ASM) has been shown to be one of the most effective elicitors of plant defences, improving kiwifruit tolerance against Psa [21] . Indeed, Psa development can be effectively reduced by the application of resistance inducers priming the salicylic acid (SA) signalling pathway [22] . In addition, the use of BCAs could be useful for the control of Psa, but knowledge about their efficacy and reliability under a range of environmental conditions is still limited [23, 24] .
The objective of this research was to screen, in greenhouse conditions, a selection of compounds with different mode of action to evaluate their efficacy in controlling Psa. Differently from previous research, all the different copper formulates were tested in order to provide the same amount of free copper ion.
Material and method

Experimental conditions and treatments
The experiments were performed on Actinidia deliciosa potted seedlings, grown in standard greenhouse conditions under natural light (relative humidity: 60%, temperature: 20-24 • C). Plants were maintained with standard NPK fertilisation and irrigation. Treatments were applied as foliar sprays; concentration, timing and mode of the treatments are shown in Table 1 .
The application was preventive (1-10 days before inoculation), except for disinfectants, which were tested before (1 day) and after infection (4-5 hours).
Water-treated plants and streptomycin sulphate (100 mg/l) were used as a negative and positive control, respectively. The products tested include traditional and new copper compounds, plant extracts, biological control agents, resistance inducers, disinfectants, filming agents. Traditional copper compounds (Bordeaux mixture and tribasic copper sulphate, copper oxychloride and hydroxide and copper oxide) were used at a dosage corresponding to about 50 g/100 L of Cu 2+ .
Plant inoculation and disease assessment
Pot-cultivated plants (with 5-8 leaves) and the Psa strain CFBP7286 were used in this study. For the experiments, Psa strain was maintained on Luria Broth agar (1.5%) and incubated at 25 ± 1 • C for 24-48 hour. To prepare bacterial suspension, the plates were washed with MgSO 4 (10 mM, pH 7) and cell density of Psa strain was adjusted to a turbidity of 0.1 absorbances at 600 nm, corresponding to 10 6 CFU mL -1 . The plants were inoculated by spraying the abaxial surface of all the leaves until run-off with the bacterial suspension. The relative humidity was raised to approximately 100% for the first 72 h after inoculation and kept at 70 ± 5% thereafter. Symptoms were assessed by two independent observers 15 and 30 days after inoculation. All the experiments were repeated at least two times on independent replicates of five plants each.
The symptoms were rated using a Disease Index corresponding to the percentage of leaf area affected by necrotic spots, according to the following formula:
where N IR is the number of leaves in each severity category, LR the value of the severity (from 0 to 5), and N T the total number of leaves. The disease severity for each leaf was evaluated using a severity scale as follows: 0, healthy leaf; 1, <1% of the leaf area affected; 2, 1-2% of the leaf area affected, single spots, few coalescent spots; 3, 3-4% of the leaf area affected, spots start to coalesce; 4, 5-9% of the leaf area affected, coalescent spots covering veins and increase in size; 5, >10% of the leaf area affected. For each plant, all 5-8 fully expanded leaves were assessed, and the average score was calculated.
Statistical analysis
The data are presented as the average efficacy (i. e., the percentage of DI reduction compared to the negative control) of each of independently performed experiment. Standard errors (S.E.) are shown.
Results and Discussion
The traditional copper based compounds and the Oligal Cu significantly reduced the foliar symptoms, showing an efficacy of 50-80 %. Plants treated with Chelal Kubig showed symptoms of phytotoxicity with necrotic spots on leaves. Treatments with Glucocarrier+Glucoactivator and Labicuper showed a variable behaviour with general low efficacy (Fig. 1) .
Biological control agents (BCAs) reduced the foliar symptoms. Increasing the timing between application and inoculation (from 1 to 2 days), the efficacy was increased by 40% (Fig. 2) .
Preventive treatments with disinfectants were effective only in some of the experiments. In particular, Biobacter and Bioprotect showed the highest variability in effectiveness especially when applied 1 day prior to inoculation. Verdeviva applied at 4 hours after inoculation was the most effective (94.5%) compound, showing also the highest repeatability of results (Fig. 3) .
Concerning the effect of resistance inducers, Bion and Fosetyl-Al showed an efficacy comparable to copper products when applied 7 days before inoculation. On the other hand, when applied at 3 days before inoculation, only Fosetyl-Al was effective. No satisfactory results were obtained with Prohexadione-Calcium (Regalis) (Fig. 4) . The last group of compound tested included formulates with different mode of action. In this group, polyglucose-amine products such as Hendophyt PS (84% of efficacy) and Layer (81%) showed a high effectiveness. In addition, colloidal silver, applied as Agro Argentum, showed a high degree of control (74%). A lower, but significant effectiveness was showed by plant extracts (Xeda-Tim, Xeda-Cin) or acid clay (Ulmasud) (Fig. 5) . Other products were ineffective and/or induced phytotoxicity (ex. Venturex) (Fig. 5) .
Conclusion
The greenhouse trials allowed to screen a large number of products, but, on the other hand, this experimental approach showed some limitations. Indeed, the use of young potted plants grown in conditions of high humidity boosted the phytotoxicity of some products, such as Venturex and Chelal Kubig, far beyond the levels commonly found in orchard conditions.
The highest and most reliable disease control was achieved with the use of traditional copper-based products (i.e. Bordeaux mixture and tribasic copper sulphate, copper oxychloride and hydroxide and copper oxide), and resistance inducers (Bion, Fosetyl-Al). Even though with different experimental approach (movement outside of inoculated plants and repeated treatments), our greenhouse results, were confirmed by Monchiero et al. [28] , and currently different field trials rely on the use of these same products [25] [26] [27] [28] .
Concerning the resistance inducers, the lack of efficacy of Bion when applied at 3 days prior inoculation can be explained by the induction of salicylic acid-dependent plant defences, which need approximately 7 days to build up [22] . In our trials, Fosetyl-Al showed a higher efficacy than Bion, although with a high variability. Other studies showed that under low inoculum pressure, Fosetyl-Al may provide a significant level of protection, but under heavy disease pressure, the same compound may not provide a sufficient disease control [28, 31] .
Biological control agents (BCAs) showed promising results, although further validation is required for the optimisation of the rate and timing application. Moreover, BCAs that need to have wide and stable colonization of the epiphytic niche to be effective, cannot be used alone to control the disease along the completely growing season when the environmental conditions limit bacterial growth. Indeed, they should be integrated in a complex control strategy possibly including resistance inducers and copper formulates.
Among the disinfectants, Verdeviva showed a good antimicrobial activity. However, its very low persistence makes it impractical for field use.
Filming agents such as Hendophyt, based on chitosan, or Layer, based on a mixture of amines and polyacrilic acid, showed promising results. These compounds may be used in an integrated strategy together with copper. Indeed, they may help to create a physical protective barrier able to prevent Psa penetration to the apoplast. A recent study indicates chitosan based products as a very promising option for the field control of Pseudomonas syringae pv. actinidiae [29] .
In conclusion, even though the use of copper formulates is still the most reliable control strategy, several other tested compounds showed a good activity against Psa, providing alternative or complementary control methods. Indeed, a number of these compounds may support or complement copper compounds in those phenological stages where copper may have phytotoxic effect or can lead to residues in fruits. In addition, the reduction of copper application and its combination with other bactericides may help in minimizing the risk of the development of copper resistance in Psa [17, 30] .
